INTRODUCTION {#SEC1}
============

In eukaryotic cells, the tight packing of chromatin acts as a physical barrier, hindering the accessibility of the genomic material. This poses a challenge for DNA repair factors, which need to bind directly to DNA lesions in order to restore genomic integrity. As part of the DNA damage response (DDR), early chromatin remodeling events triggered by the activation of different pathways help ensure timely access of repair proteins to DNA lesions. Among these different pathways, poly(ADP-ribose) (PAR) signaling is one of the first to be activated upon DNA damage ([@B1]). PAR signaling relies on the activity of PAR polymerases and in particular, on the founding member of this family of enzymes, the protein PARP1 which recognizes and binds to DNA lesions leading to a dramatic increase of its catalytic activity ([@B2],[@B3]). Activated PARP1 then catalyzes the formation of PAR chains on its target proteins, mainly PARP1 itself and histones ([@B4]), in the vicinity of the breaks. These PAR chains act as a binding platform for PAR-binding effector proteins including chromatin remodelers, such as ALC1 or CHD2 ([@B5],[@B6]), and also modulate the activity of these effectors by allosteric regulation ([@B7],[@B8]). The action of the remodelers combined with electrostatic repulsion between DNA and PAR chains decorating the chromatin fiber contribute to the rapid relaxation of the chromatin structure at DNA damage sites ([@B9],[@B10]).

The most likely function of PAR-dependent chromatin unfolding is to increase the accessibility to DNA at the lesions. In line with this hypothesis, a study by Izhar *et al.* showed that a number of transcription factors with no known role in DNA repair were recruited to sites of DNA damage in a PAR-dependent manner ([@B11]). However, this work did not discriminate between recruitment due to an affinity for PAR chains, a property reported for some DNA-binding proteins ([@B12]), or from increased local accessibility to chromatin as a result of relaxation. Recently, we also observed that early chromatin relaxation, and not direct PAR binding, was responsible for the PAR-dependent recruitment of some chromatin remodelers, namely CHD3 and CHD4 ([@B13]).

In the present study, we aimed to more precisely delineate the contribution of PAR-dependent chromatin remodeling mechanisms in modulating the accessibility of chromatin at sites of DNA damage. We show that PAR-signaling promotes the recruitment of DNA-binding but not histone-binding domains to DNA lesions. We attribute this recruitment to affinity for DNA rather than interaction with PAR chains. Furthermore, we find that the recruitment of DNA-binding domains to regions of relaxed damaged chromatin cannot be explained by a decrease of the macromolecular crowding conditions in this area but rather rely on an increase in the binding rates of the DNA-binding domains controlled by chromatin unfolding. Finally, we show that this mechanism of recruitment also holds true for CHD4 and HP1α, two proteins known to be involved in DNA repair.

MATERIALS AND METHODS {#SEC2}
=====================

Plasmids {#SEC2-1}
--------

Plasmids encoding YFP-macroH2A1.1 macrodomain ([@B14]), PATagRFP-H2B, GFP-WWE (from RNF146) ([@B10]), PARP1-mCherry ([@B5]), GFP nanobody-LacI fusion, iRFP670-ALC1(WT), iRFP670-ALC1(E175Q) ([@B13]), the FRET-crowding sensor ([@B15]), GFP-LANA-1-32 ([@B16]), pH3-paGFP ([@B17]), YFP-HMGN2-NBD (HMGN2-ΔC43) ([@B18]), GFP-5 ([@B19]), GFP-C/EBPalpha ([@B20]), paGFP-H2B ([@B21]) GFP-CHD4 ([@B22]), GFP-CHD4 (4A) ([@B23]), and GFP-ZF45 and GFP-ZF345 ([@B24]) have been previously described. Monomeric GFP was expressed from pmEGFP-N1. iRFP670-N1 ([@B25]) was digested with BamHI and NotI to release the coding sequence of iRFP670 which was ligated into reciprocal sites on pH2B-mCherry ([@B26]) to make pH2B-iRFP670. GFP-Sox5 and GFP-HMG (amino acid 556--624 of Sox5) were made using Gibson assembly (New England Biolabs) with pmEGFP-N1 and and 5′-GATCTCGAGCTCAAGCTTCGAATTCATGCTTACTGACCCTGATTTACCTC-3′ and 5′-GGATCCCGGGCCCGCGGTACCTTGTTGGCTTGTCCCGCAATG-3′, to amplify full-length Sox5 and 5′-GATCTCGAGCTCAAGCTTCGAATTCATGCTTACTGACCCTGATTTACCTC-3′ and 5′-GGATCCCGGGCCCGCGGTACCTTGTTGGCTTGTCCCGCAATG-3′ to amplify the HMG domain from CBIG-Sox5 variant 3, a gift from Jeffrey Macklis (Addgene plasmid \# 48707). The BZIP domain from C/EBPa was cut from pEBG-BZIPa (gift from Dong-Er Zhang, Addgene plasmid \# 12436 ([@B27])) and ligated into pmEGFP-C1 using BspEI and EcoRI restriction sites on both plamids, to obtain the construct GFP-BZIP. GFP-LZIP was made by amplifying LZIP from BZIP using 5′-AATGAATTCACGCGCAGTTGCC-3′ and 5′-TTATCCGGACTGACCAGTGACAATGACCG-3′ and ligated into pmEGFP-C1 between BspEI and EcoRI restriction sites. GFP-HOXc10 and GFP-Homeo (amino acid 268--327 of HOXc10) was made using Gibson assembly with pmEGFP-N1 and pCMV-SPORT6-HOXc10 from the Mammalian Gene Collection (IMAGE ID 3458115) using 5′-GATCTCGAGCTCAAGCTTCGAATTCATGACATGCCCTCGCAATG-3′ and 5′ GGATCCCGGGCCCGCGGTACCTTGGTGAAATTAAAATTGGAGGTCAG-3′ (for full-length HOXc10) and 5′-GATCTCGAGCTCAAGCTTCGAATTCATGGGAAGGAAGAAGAGGTGC-3′ and 5′- GGATCCCGGGCCCGCGGTACCTTGTTCATTTTCTTGAGTTTCATTC-3′ (for Homeo). The tandem ZF345 construct (GFP-(ZF345)^2^) was made using Gibson assembly with GFP-ZF345 ([@B24]) and ZF345 amplified using 5′-TGCCCTTCCCATGCCCCTTCCCGGGCTGCGGGAAGATCTTTGC-3′ and 5′-GGGCAAAGATCTTCCCGCAGCCCGGGAAGGGGCAAATCACTAGTGACCCTTGAGATTC-3′. To make GFP-CHD4 (W508E) and GFP-CHD4 (W644E), GFP-CHD4 was digested with BamHI to remove a 2.7 kb fragment and exchanged with the same region from pBluescript-CHD4 (W508E) or pBluescript-CHD4 (W644E) ([@B28]). HP1α was amplified from cDNA using 5′- ATATAAGATCTGGAAAGAAAACCAAGCGGAC-3′ and 5′-TATATAGAATTCAGCTCTTTGCTGTTTCTTTC-3′ and ligated into pmEGFP-C1 between BglII and EcoRI restriction sites to make GFP-HP1α. The chromodomain of HP1α was amplified using 5′- CGCAGATCTGTCGTGGAGAAGGTGCTAGAC-3′ and 5′- AACCCGAATTCAGGGTTTATTATTTTCAC-3′ and ligated into pmEGFP-C1 between BglII and EcoRI restriction sites to make GFP-HP1α-Chromodomain. The N-terminal region of HP1α was amplified using 5′- GCTGTACAAGTCCGGACTCAGATCTGGAAAGAAAACCAAGCGG-3′ and 5′-CTGGTTCCAGTTTATTATTTTCACCCTCCTTCATC-3′ and the C-terminal region of HP1α was amplified using 5′- AAATAATAAACTGGAACCAGAAAAGATCATTG-3′ and 5′-CGCGGTACCGTCGACTGCAGAATTCTTAGCTCTTTGCTGTTTCTTTC-3′. These fragments, together with pmEGFP-C1, were used to make GFP-HP1α-Δhinge using Gibson assembly. The macrodomain of macroH2A1.1 was amplified using 5′-GGAGATCTCAGGGTGAAGTCAGTAA-3′ and 5′-CCGGAATTCCTAGTTGGCGTCCAGCTT-3′ and cloned into pmEGFP-C1 between BglII and EcoRI restriction sites to make pmEGFP-macroH2A1.1 macrodomain.

Cell culture, Hoechst presensitization, osmotic shocks and PARP inhibition {#SEC2-2}
--------------------------------------------------------------------------

U2OS cells were cultured in DMEM (4.5 g/l glucose, Sigma) supplemented with 10% fetal bovine serum (Life Technologies), 2 mM glutamine (Sigma), 100 μg/ml penicillin and 100 U/ml streptomycin (Sigma) in a humidified incubator at 37°C with 5% CO~2~. For transient expression of plasmids, cells were transfected 12--24 h after seeding into eight-well Lab-Tek II chambered coverglass (Thermo Scientific) with XtremeGENE HP (Sigma) or Xfect (Clontech) according to the manufacturer\'s instructions and incubated for 48 h prior to imaging. For Hoechst presensitization, growth medium was aspirated from the Lab-Tek and replaced with fresh medium containing 0.3 μg/ml Hoechst 33342 for 1 h at 37°C. Immediately prior to imaging, growth medium was replaced with CO~2~-independent imaging medium (Phenol Red-free Leibovitz\'s L-15 medium (Life Technologies) supplemented with 20% fetal bovine serum, 2 mM glutamine, 100 μg/ml penicillin and 100 U/ml streptomycin). For hypotonic treatment, the imaging medium was replaced with distilled water 10 min prior to imaging. For hypertonic treatment, cells were bathed with imaging medium supplemented by 160 mM sucrose 5 min prior to imaging ([@B29]). For PARP inhibition, cells were treated with 30 μM AG14361 (Euromedex) for 30 min prior to imaging. All experiments were completed with unsynchronized cells.

Confocal imaging and laser microirradiation {#SEC2-3}
-------------------------------------------

Live-cell imaging experiments were completed on a Ti-E inverted microscope from Nikon equipped with a CSU-X1 spinning-disk head from Yokogawa, a Plan APO 60×/1.4 NA oil-immersion objective lens and a sCMOS ORCA Flash 4.0 camera. The fluorescence of EGFP and the activated form of PATagRFP were excited with lasers at 490 and 561 nm, respectively. For fluorescence detection, we used bandpass filters adapted to the fluorophore emission spectra. Laser microirradiation and local photoactivation at 405 nm was performed along a 16 μm-line through the nucleus using a single-point scanning head (iLas2 from Roper Scientific) coupled to the epifluorescence backboard of the microscope. To ensure reproducibility laser power at 405 nm was measured at the beginning of each experiment and set to 125 μW at the sample level. Cells were maintained at 37°C with a heating chamber.

Fluorescence correlation spectroscopy {#SEC2-4}
-------------------------------------

Fluorescence correlation spectroscopy (FCS) experiments were performed on a Leica SP8 or a Zeiss LSM880 confocal setup. The Leica system was equipped with a Plan APO 63×/1.2 NA water immersion objective. GFP fluorescence was excited with a 488 nm laser and single emitted photons, selected by a bandpass filter at 500--550 nm, were detected and counted using a single photon avalanche photodiode and a PicoHarp module from PicoQuant. On the Zeiss system, a C-Apo 40×/1.2 NA water immersion objective was used. GFP fluorescence was excited with a 488 nm laser and single emitted photons at wavelength ranging between 500 and 550 nm were detected and counted on the GaAsP spectral detector. On both systems, laser power used for FCS measurements were adjusted to minimize photobleaching and avoid the induction of photodamage in Hoechst-sensitized cells. Each FCS acquisition lasted 30--45 s to reduce the noise in the autocorrelation curves. For each nucleus, FCS acquisitions were performed before and ∼1--2 min after damage induction. The power of the 405 nm laser used for microirradiation was set to 160 μW at the sample level. Irradiation was performed within nuclear regions of 20 × 1 μm (Leica SP8) or 12 × 2 μm (Zeiss LSM880). Cells were maintained at 37°C with a heating chamber. Raw photon traces obtained for GFP-tagged DNA-binding domains were detrended for slow fluctuations using the Fluctuation Analyzer 4G software ([@B30]).

Fluorescence lifetime imaging {#SEC2-5}
-----------------------------

Fluorescence lifetime imaging (FLIM) experiments were performed on a Leica SP8 confocal setup equipped with a Plan APO 63×/1.4 NA oil immersion objective. CFP fluorescence was excited with a pulsed 440 nm laser and emitted photons were selected by a bandpass filter at 467--499 nm. Time-correlated photon counting images were acquired using a single photon avalanche photodiode and a PicoHarp module from PicoQuant. After manual segmentation of the irradiated area on the acquired images, fluorescence lifetimes were estimated by fitting the fluorescence decay curves with a single-exponential decay model using the Symphotime software (PicoQuant). For each nucleus, FLIM acquisitions were performed before and ∼120 s after damage induction. The power of the 405 nm laser used for microirradiation was set to 160 μW at the sample level and irradiation was performed within nuclear regions of 20 × 1 μm. Cells were maintained at 37°C with a heating chamber.

Quantification of protein recruitment and changes in chromatin compaction {#SEC2-6}
-------------------------------------------------------------------------

We used an assay described previously by Lebeaupin *et al.* to quantify recruitment kinetics and chromatin relaxation at DNA damage sites ([@B31]). Briefly, we used U2OS cells co-expressing the protein of interest tagged with GFP together with core histone H2B tagged with the photoactivatable fluorescent protein PATagRFP. Irradiation at 405 nm along a line of 16 μm through Hoechst-sensitized nuclei allowed simultaneously infliction of DNA damage and photoactivation of PATagRFP to highlight the damaged area. Using a custom MATLAB routine, this highlighted area was segmented automatically and the segmentation mask was applied to the image of the GFP channel to quantify protein accumulation at sites of DNA damage. The mask of the damaged chromatin area was also fitted with an ellipsoid and its minor axis length was used to measure the thickness of the damaged line area. By calculating the ratio between this thickness at a given time point and the thickness immediately post-microirradiation, we could then assess changes in the chromatin compaction state at DNA damage sites.

To measure change in chromatin compaction upon hypertonic treatment, we acquired 3D stacks of the nuclei before and after addition of the hypertonic medium and performed automatic 3D thresholding to estimate the volume of the photoactivated chromatin region.

Fitting of the FCS curves {#SEC2-7}
-------------------------

FCS correlation curves were fitted either with an effective diffusion or a reaction dominant model ([@B32]). The effective diffusion model is as follows:$$\documentclass[12pt]{minimal}
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When using the reaction-dominant model, the correlation curves were first normalized as follows: $\documentclass[12pt]{minimal}
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The expression of the reaction-dominant model is then given by:$$\documentclass[12pt]{minimal}
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Micropore irradiation assay {#SEC2-8}
---------------------------

A modified protocol previously described by Suzuki *et al.* was established to quantify PARylation induced chromatin relaxation at sites of microirradiation ([@B33]). U2OS cells were cultured as described above and labeled with 50 μM 5-bromo-2′-deoxyuridine (BrdU; Sigma) for 24 h followed by 1 h treatment with 10 μM Olaparib (Selleckchem) or were left untreated prior to UV irradiation. For UV irradiation, the medium was removed and the cells were covered with polycarbonate membranes with a 5 μm pore size (Millipore) and exposed to 100 J/m^2^ of UVC light. After UV irradiation, fresh cell medium was added to the cells and the polycarbonate membrane was removed. Cells were fixed with 3% PFA at different time points post-irradiation, washed with 0.5% Triton X-100 in PBS for 10 min and then treated with 0.005 U/μl DNase I (Thermo Fisher Scientific) for 5 min. The digested DNA ends were labeled with 200 μM 5-iodo-2′-deoxyuridine (IdU; Sigma) by terminal deoxynucleotidyl transferase (Thermo Fisher Scientific) for 2 h. Cells were immunostained with anti-IdU (Abcam, ab187742 at 1:100) or anti--poly-ADPr (10H, ascites at 1:300) and anti-γH2AX (Abcam, ab81299 at 1:2000) antibodies and counterstained with Hoechst. Primary antibodies were detected using Alexa Fluor 488 conjugated goat anti-mouse IgG (Invitrogen, A21422 at 1:1000) and Alexa Fluor 555 conjugated goat anti-rabbit IgG (Invitrogen, A21428 at 1:1000). z-stacks of images were acquired using a Visitron spinning disk confocal system (Visitron systems GmBH) equipped with Yokogawa CSU-W1 spinning disk unit, Olympus IX83 inverted microscope (60× oil objective, NA 1.42), Andor Zyla 4.2 Plus camera, with 405, 488 and 561 nm lasers. The raw images were analyzed in CellProfiler ([@B34]) after generating the maximum intensity projections of the z-stacks in Fiji ([@B35]). In CellProfiler, the Hoechst stained DNA was used to segment the nuclei and the γH2AX signal was used to identify the irradiated areas. The average signal intensity of the background-subtracted IdU channel was measured in the identified nuclei and irradiated areas. The signal intensities in the irradiated areas were divided by the signal intensities of the corresponding nuclei and plotted using Prism.

Statistics {#SEC2-9}
----------

For the recruitment and chromatin relaxation curves, means ± SEM are shown. For the FCS correlation curves, mean curves are shown. Boxplots were generated using a web-tool developed by the Tyers and Rappsilber labs (<http://boxplot.tyerslab.com/>). The box limits correspond to the 25th and 75th percentiles and the bold line indicates the median value. The whiskers extend 1.5 times the interquartile range and outliers are shown by dots. Mean curves as well as boxplots were obtained from measurements in at least 15 individual nuclei for each condition. *P* values were calculated using two-sided unpaired Student\'s *t*-test assuming unequal variances except for comparing measurements performed in the same nuclei before and after irradiation, for which two-sided paired Student\'s *t*-test assuming unequal variances were used. On the boxplots, \* refers to *P* \< 0.05, \*\* to *P* \< 0.01, \*\*\* to *P* \< 0.001, \*\*\*\* to *P* \< 0.0001 and n.s. to non significant.

RESULTS {#SEC3}
=======

DNA-binding but not histone-binding domains are recruited to sites of DNA damage in a PAR-dependent manner {#SEC3-1}
----------------------------------------------------------------------------------------------------------

The most basic, repeating unit of chromatin is composed of two main components, the DNA double-helix and histone octamers, together forming the nucleosome core-particle ([@B36]). To assess whether the local changes in chromatin structure regulated by PAR signaling upon DNA damage could modulate the accessibility to either DNA or histones, we analyzed the behavior of different DNA- and histone-binding domains at sites of DNA damage.

We chose to study three different DNA-binding domains: the HMG domain from SOX5, the BZIP domain from C/EBPa and the Homeobox (Homeo) domain from HOXC10 ([@B27],[@B37],[@B38]). These transcription factors have no reported role in the DDR thus their DNA-binding domains are not expected to show specificity for DNA lesions. Here, as well as throughout all this work, we induced DNA damage by microirradiating Hoechst-sensitized nuclei of U2OS cells with a continuous laser at 405 nm. To quantitatively assess the level of DNA-binding domain recruitment to sites of damage over time, the GFP-tagged DNA-binding domains were co-expressed with core histone H2B fused to the photoactivatable protein PATagRFP (Figure [1A](#F1){ref-type="fig"} and [Supplementary Figure S1A](#sup1){ref-type="supplementary-material"}). The mask of the microirradiated line highlighted by the photoconverted PATagRFP was used both (i) to measure the accumulation of the GFP-tagged DNA-binding domain at DNA lesions and (ii) to assess changes in the chromatin compaction state at the DNA damage sites by measuring the thickness of the mask over time ([@B31]). Using this assay, we found that all the tested DNA-binding domains were recruited to sites of DNA damage with kinetics closely matching the ones characterizing chromatin relaxation (Figure [1B](#F1){ref-type="fig"} and [Supplementary Figure S1A](#sup1){ref-type="supplementary-material"}).

![DNA-binding but not histone-binding domains are recruited to sites of DNA damage in a PAR-dependent manner. (**A**) Recruitment of the DNA-binding domain BZIP from C/EBPa tagged with GFP to sites of DNA damage induced by laser microirradiation. In addition to BZIP-GFP, cells expressed the core histone H2B tagged with the photoactivatable PATagRFP, which allowed highlighting of the irradiated area. Cells were left untreated or treated with 30 μM of the PARP inhibitor AG14361 (PARPi). (**B**) Automatic segmentation of the photoconverted chromatin area by image analysis allowed quantitative measurement of BZIP recruitment kinetics at DNA damage sites (left) and the assessment of chromatin relaxation in this area (right). (**C**) Recruitment intensity of GFP-tagged DNA-binding domains at sites of DNA damage in the presence or absence of PARP inhibitor (PARPi) measured 80 s after DNA damage induction. (**D**) Recruitment intensity of GFP-tagged DNA-binding domains at sites of DNA damage 80 s after damage induction plotted against their relative residence time as measured by FCS. (E--G) Absence of recruitment to sites of DNA damage of (**E**) the N-terminal (1-32) histone-binding domain of LANA, (**F**) the nucleosome-binding domain (NBD) of HMGN2 and (**G**) the chromodomain (CD) of HP1α. Photoactivated H2B-PATagRFP indicate regions of damage. Scale bars = 4 μm.](gkz820fig1){#F1}

Next, cells were treated with a PARP inhibitor (PARPi) to block PAR-signaling ([Supplementary Figure S1B](#sup1){ref-type="supplementary-material"}). In agreement with previous findings ([@B10]), we observed that PARPi treatment not only fully abolished chromatin relaxation but even induced a slight over-compaction of the chromatin structure at DNA lesions (Figure [1B](#F1){ref-type="fig"}). Regarding recruitment, we observed that the stronger the accumulation of DNA-binding domains at DNA lesions, the less PAR-dependent this accumulation was. Indeed, while the weak recruitment of the HMG domain was fully suppressed upon PARPi treatment, the moderate accumulation of the BZIP domain was only partially abolished and the strong recruitment of the Homeo domain appeared to be independent of PARylation (Figure [1C](#F1){ref-type="fig"}). This PAR-dependent recruitment of DNA binding motifs at DNA lesions was observed not only upon PARPi treatment but also in cells lacking PARP1 ([Supplementary Figure S1C--E](#sup1){ref-type="supplementary-material"}). Moreover, we observed that full-length SOX5, C/EBPa and HOXC10 accumulated to irradiated areas similarly to the isolated DNA-binding domains indicating that these domains are sufficient to recapitulate the behavior of the full-length proteins in terms of recruitment to DNA lesions ([Supplementary Figure S1F](#sup1){ref-type="supplementary-material"}).

A plausible explanation of the differences in the levels of DNA-binding domains recruited to sites of DNA damage is that their recruitment is dependent on their affinity for DNA. In agreement with this hypothesis, we found that removing the DNA-binding stretch of BZIP to only keep the leucine-zipper area (LZIP) abolished recruitment to sites of DNA damage ([Supplementary Figure S1G](#sup1){ref-type="supplementary-material"}). Furthermore, we correlated DNA affinity of each DNA-binding domain with their level of accumulation at DNA lesions. To semi-quantitatively assess the binding affinity of the chosen DNA-binding domains directly in living nuclei in the absence of DNA damage, we measured the residence time of each DNA-binding domain within the focal volume of the confocal microscope by fluorescence correlation spectroscopy (FCS) and normalized it to the residence time measured for GFP ([Supplementary Figure S1H and I](#sup1){ref-type="supplementary-material"}). Since each of these GFP-tagged DNA-binding domains have relatively similar molecular weights and given that diffusion only varies as the cube root of the molecular weight, we assumed that a larger relative residency time, corresponding to slower mobility, was mostly due to stronger binding to undamaged DNA. We found a clear correlation between the level of recruitment of the DNA-binding domain at DNA lesions and relative residence time, indicating higher levels of recruitment for stronger DNA binding motifs (Figure [1D](#F1){ref-type="fig"}).

Finally, we assessed potential changes in the accessibility of the histone octamer upon DNA damage. Similar to the rationale behind the choice of the DNA-binding domains, we analyzed nucleosome accessibility by monitoring the recruitment of three histone-binding domains with no reported roles in the DDR. Neither the N-terminal domain of the Latency-Associated Nuclear Antigen (LANA-1--32) nor the nucleosome-binding domain of HMGN2 (HMGN2-NBD), which both bind to the folded domain of H2A-H2B ([@B16],[@B39]), recruited to DNA lesions (Figure [1E](#F1){ref-type="fig"} and [F](#F1){ref-type="fig"}). In fact, we even observed a slight eviction of these two domains from the damaged area which may originate from the local dilution of nucleosome concentration due to chromatin relaxation. HMGN2-NBD reportedly also binds DNA at the entry/exit site of the nucleosome, although with a much weaker affinity than for the H2A-H2B dimer ([@B39]). However, this weak DNA affinity does not appear sufficient to promote recruitment of HMGN2-NBD at DNA damage sites. We also monitored the recruitment of the chromodomain of HP1α (HP1α-CD) which recognizes the tail of histone H3 when it is trimethylated on lysine 9, a post-transcriptional modification that has not been reported to be involved in early steps of the DDR. Similar to the domains binding to the folded nucleosome core, we did not observe any accumulation of HP1α-CD to sites of DNA-damage (Figure [1G](#F1){ref-type="fig"}), in line with what has been reported for the chromodomain of HP1β ([@B40]).

Altogether, these data show that an affinity for DNA, but not for histones, promotes recruitment of proteins to DNA lesions. Significantly, PAR-signaling appears to be required for the recruitment of weak DNA-binding domains while being dispensable for stronger ones.

PAR-independent recruitment of DNA-binding domains to sites of DNA damage correlates with a high affinity for DNA {#SEC3-2}
-----------------------------------------------------------------------------------------------------------------

To further investigate the impact of the affinity for DNA on PAR-dependent recruitment to sites of DNA damage, we analyzed the behavior of different combinations of the zinc-finger domains 3--5 from the transcription factor ZIC3 ([@B24]). Similar to the DNA-binding domains studied in the previous section, these zinc-finger domains have no reported specificity for DNA lesions and ZIC3 has not been shown to be part of the DDR. First, we compared two GFP-tagged constructs comprising two (ZF45) or three (ZF345) zinc-finger domains. This three zinc-finger construct showed a higher affinity for DNA than ZF45 when comparing their relative residence times measured by FCS (Figure [2A](#F2){ref-type="fig"}). Correlating with this difference in DNA affinity, ZF345 recruited to sites of DNA damage at higher levels compared to ZF45 (Figure [2B](#F2){ref-type="fig"},C).

![PAR-independent recruitment of DNA-binding domains to sites of DNA damage correlates with a high affinity for DNA. (**A**) Residence time measured by FCS for GFP-tagged zinc-finger domains 4 and 5 (ZF45) or 3, 4 and 5 (ZF345) of ZIC3. (**B**) Localization of GFP-ZF45 and GFP-ZF345 before (Pre) and 80 s after (Post) DNA damage induced by laser microirradiation (red arrowheads). (**C**) Recruitment intensity of GFP-ZF45 and GFP-ZF345 in the irradiated area measured 80 s after DNA damage induction. (**D**) Residence time for GFP-ZF345 and the tandem repeat of the three zinc-finger domains ((ZF345)^2^) tagged with GFP as determined by FCS. (**E**) Localization of GFP-ZF345 and GFP-(ZF345)^2^ 80 s after DNA damage induced by laser microirradiation in untreated cells or cells treated with PARP inhibitor (PARPi). (**F**) Recruitment intensity of GFP-ZF345 and GFP-(ZF345)^2^ in the irradiated area measured 80 s after DNA damage induction in untreated cells or cells treated with PARP inhibitor (PARPi). Scale bars = 4 μm.](gkz820fig2){#F2}

To assess the impact of further increasing binding affinity to DNA, we compared ZF345 with a tandem repeat of the three zinc-finger domains referred to as (ZF345)^2^. As expected, (ZF345)^2^ showed higher affinity for DNA and displayed higher levels of recruitment to DNA lesions than ZF345 (Figure [2D](#F2){ref-type="fig"}--[F](#F2){ref-type="fig"}). Importantly, we also observed that, while the accumulation of ZF345 to sites of DNA damage relied on PAR-signaling, (ZF345)^2^ was recruited to sites of damage in a PAR-independent manner (Figure [2F](#F2){ref-type="fig"}).

These observations fully corroborate our observations with the different classes of DNA-binding domains, indicating that the affinity for DNA is the major factor controlling the accumulation of DNA-binding domains at sites of DNA damage and that, above a certain level of affinity, PARylation becomes dispensable for recruitment.

Recruitment of DNA-binding domains to DNA lesions is not triggered through direct PAR binding but rather relies on PAR-dependent chromatin unfolding {#SEC3-3}
----------------------------------------------------------------------------------------------------------------------------------------------------

PARylation triggers two main events at sites of DNA damage: the recruitment of PAR-binding effector proteins and chromatin relaxation. Since certain DNA-binding domains of some repair proteins have been shown to bind PAR ([@B12]), it is possible that the PAR-dependent recruitment to sites of DNA damage we observed for the different DNA-binding domains presented above occurs through direct binding of PAR chains.

To test for this possibility, we first assessed the ability of the different DNA-binding domains to bind DNA and PAR *in vitro*. By gel shift assays, we could confirm that the four DNA-binding domains are able to bind DNA in contrast to the macrodomain of macroH2A1.1, which is a well-known PAR binder ([@B41]) ([Supplementary Figure S2A](#sup1){ref-type="supplementary-material"}). Next, we performed an *in vitro* PAR binding assay and saw that the four DNA-binding domains are able to bind PAR chains ([Supplementary Figure S2B](#sup1){ref-type="supplementary-material"}). This ability of the DNA-binding domains to bind PAR was still observed under denaturing conditions in contrast to the macrodomain of macroH2A1.1.

Despite the *in vitro* data showing interactions with PAR chains, the observation that the normalized recruitment kinetics of the different DNA-binding domains to the irradiation area are much slower than the ones of well-known PAR binders such as the WWE domain of RNF146 ([@B42]) or the macrodomain of macroH2A1.1 (Figure [3A](#F3){ref-type="fig"}) prompted us to question the involvement of direct PAR-binding in the accumulation of the DNA-binding domains at sites of damage. To further assess PAR binding in living cells, we used a PAR-3H assay recently developed in our lab ([@B13]). Briefly, GFP-tagged proteins of interest are tethered to the LacO array using a LacI-GFP nanobody fusion and co-expressed with mCherry-PARP1 ([Supplementary Figure S2C](#sup1){ref-type="supplementary-material"}). Upon DNA damage, PARP1 is rapidly PARylated at the site of damage that facilitates its release from the damaged DNA and diffusion through the nucleus in a PARylated state ([@B13],[@B43]). If the GFP-tagged tethered protein is able to bind PAR, such as the macrodomain of macroH2A1.1, PARylated PARP1 enriches at the LacO array ([Supplementary Figure S2D](#sup1){ref-type="supplementary-material"}). Using this assay, we show that the HMG, BZIP or ZF345 domains, all of which show PAR-dependent recruitment to sites of DNA damage, were unable to recruit PARylated PARP1 (Figure [3B](#F3){ref-type="fig"} and [Supplementary Figure S2E and F](#sup1){ref-type="supplementary-material"}). Nevertheless, one could still argue that the PAR chains found in the vicinity of the sites of damage are different in terms of quality and quantity from the ones present on PARP1 released from the lesions, and, as such, are able to trigger the recruitment of the DNA-binding domains by direct interaction.

![Recruitment of DNA-binding domains to sites of DNA damage is not triggered by PAR-binding. (**A**) Normalized recruitment kinetics of PAR binding domains GFP-WWE and YFP-macroH2A1.1 macrodomain (black) and DNA-binding domains GFP-BZIP, GFP-HMG and GFP-Homeo (red) in addition to normalized chromatin relaxation kinetics (blue). (**B**) GFP-BZIP tethered to the LacO array is unable to recruit PARylated mCherry-PARP1 after DNA damage induction. Insets, pseudocolored according to the look-up table displayed below panel B, show magnification of the LacO array. Boxplots show mCherry-PARP1 intensity at the LacO array quantified pre- and 60 s post-damage. The average intensity at the spot is corrected for background and normalized to average intensity of the nucleus. (C, D) Confocal images showing accumulation of GFP-WWE (**C**) or GFP-BZIP (**D**) at sites of DNA damage. Cells were left untreated or treated with PARPi 60 s after DNA damage induction. Boxplots show levels of GFP-WWE, GFP-BZIP or ZF345 accumulation at sites of damage 360 s after microirradiation. (**E**) Recruitment of the GFP-BZIP to sites of DNA damage induced by laser microirradiation in cells overexpressing WT ALC1 (red) or ATPase dead ALC1 (E175Q, black). (**F**) Recruitment intensity of GFP-tagged DNA-binding domains at sites of DNA damage in cells overexpressing WT ALC1 or ATPase dead ALC1 (E175Q) measured 80 s after DNA damage induction. For each domain, the recruitment has been normalized to the median recruitment in the E175Q expressing cells. Scale bars = 4 μm](gkz820fig3){#F3}

We therefore used a second independent assay to more directly analyze the involvement of the interactions with PAR chains localized at the sites of damage in the recruitment of the DNA-binding domains. Cells were irradiated and, 60 s post-irradiation, i.e. after the completion of the PAR-dependent chromatin relaxation process, we added PARPi to acutely block PARP1 enzymatic activity. Under these conditions, the WWE domain of RNF146 was rapidly released from the irradiated area and, 360 s post-irradiation, the accumulation of WWE from the lesions was nearly completely reversed (Figure [3C](#F3){ref-type="fig"}), due to the rapid degradation of PAR by the sustained PAR glycohydrolase activity. In contrast, PARPi treatment did not revert the accumulation of BZIP and ZF345 at the irradiation area (Figure [3D](#F3){ref-type="fig"}). HMG was already released from the DNA lesions at 360 s post-irradiation in the absence of PARPi. Consequently, for this domain, we tested the effect of PARPi treatment over a shorter time frame. At 180 s post-irradiation, we observed no impact of the addition of PARPi on HMG accumulation at sites of damage while WWE was already partially released compared to the control conditions ([Supplementary Figure S2G](#sup1){ref-type="supplementary-material"}). These results, together with the ones obtained with the PAR-3H assay, argue against the involvement of direct interactions between the DNA-binding domains and PAR chains during the recruitment of these domains to DNA lesions.

In lieu of direct binding to PAR chains, the accumulation of the DNA-binding domains to sites of damage may be promoted by the rapid PAR-dependent unfolding of the chromatin. To assess this possibility, we analyzed the impact of modulating the chromatin relaxation process on the recruitment of the DNA-binding domains. In agreement with our previous results ([@B10],[@B13]), we confirmed that chromatin relaxation was enhanced in cells overexpressing the chromatin remodeler ALC1 compared to those overexpressing its catalytically inactive mutant ([Supplementary Figure S2H](#sup1){ref-type="supplementary-material"}). We found that the four DNA-binding domains, but not the PAR binding macrodomain of macroH2A1.1, displayed enhanced recruitment to DNA lesions in cells overexpressing wild-type ALC1 (Figure [3E](#F3){ref-type="fig"}, F and [Supplementary Figure S2I](#sup1){ref-type="supplementary-material"}). This was even true for Homeo, for which the recruitment to DNA lesions did not appear to be PAR-dependent in normal conditions (Figure [1C](#F1){ref-type="fig"}).

Based on the different assays presented in this section, it is unlikely that the recruitment of the DNA-binding domains to DNA lesions rely on direct interactions with PAR chains. Instead, recruitment appears promoted by the early chromatin remodeling processes occurring upon damage.

Recruitment of DNA-binding domains to relaxed damaged chromatin cannot be attributed to reduced molecular crowding conditions {#SEC3-4}
-----------------------------------------------------------------------------------------------------------------------------

Chromatin is the major crowding agent in the nucleus and its compaction state modulates diffusion-reaction kinetics of DNA-binding proteins within the nucleus ([@B19]). Given the similarities between the kinetics of the recruitment of DNA-binding domains and chromatin relaxation at sites of DNA damage, it is possible that PAR-dependent chromatin relaxation leads to reduced crowding conditions at DNA lesions, thus facilitating the accumulation of DNA-binding domains in this area.

Crowding affects diffusion-reaction dynamics in three different ways: (i) it leads to volume exclusion since the volume occupied by the background molecules, in this case the chromatin, is not accessible to diffusible proteins, (ii) it hinders diffusion, and (iii) it favors compact molecular conformations which, in the case of a protein complex, shifts the binding equilibrium towards the bound state ([@B44]). These three consequences of crowding are observed in dense chromatin areas ([@B19]) and can be reversed by relaxing chromatin via hypotonic treatment which leads to global nuclear swelling ([@B29]). In the following experiments, we quantitatively assessed crowding conditions at sites of DNA damage to distinguish between two alternative scenarios ([Supplementary Figure S3](#sup1){ref-type="supplementary-material"}): (Model 1) PAR-dependent chromatin unfolding leads to a local increase of the accessible volume fraction and thus, reduced crowding conditions or (Model 2) PAR-dependent chromatin unfolding occurs concomitantly to fiber 'swelling', potentially due to the addition of a large number of PAR chains, which keeps the level of crowding unchanged at sites of DNA damage.

We first assessed volume exclusion by measuring the concentration of diffusible probes in and out the damaged area after chromatin relaxation. If chromatin relaxation at sites of DNA damage leads to reduced crowding, it is expected that a higher proportion of the volume is accessible to a diffusible tracer within the relaxed chromatin area compared to the undamaged region, leading to a local increase in the concentration of this tracer ([Supplementary Figure S3](#sup1){ref-type="supplementary-material"}, Model 1). We observed an increase in the concentration of monomeric GFP in the DNA-damage sites, which allowed us to estimate a local change in accessible volume (Figure [4A](#F4){ref-type="fig"},B). The increase in accessible volume measured for GFP was nevertheless modest compared to the change in the volume of the irradiated area, measured by the size of the photoactivated H2B area (Figure [4A](#F4){ref-type="fig"} and [B](#F4){ref-type="fig"}). In PARPi treated cells, no local increase of GFP concentration was observed in the damaged area, showing that the slight change in accessible volume observed in untreated cells was the consequence of PAR-dependent chromatin remodeling at DNA lesions (Figure [4C](#F4){ref-type="fig"}). This first experiment suggests a slight reduction in the volume exclusion effect at relaxed damaged chromatin, indicative of decreased crowding conditions compared to undamaged chromatin. To confirm this finding, we also measured changes in volume exclusion for a larger diffusible probe---a GFP pentamer (GFP-5)---which are more sensitive to changes in molecular crowding ([@B45]). However, no change in accessible volume at the site of DNA damage was observed for GFP-5 suggesting that this larger probe, in contrast to a single GFP, does not experience reduced molecular crowding in this area (Figure [4C](#F4){ref-type="fig"}). It is worth noting that the molecular size of many of the repair complexes more closely matches that of GFP-5 rather than a single GFP molecule.

![PAR-dependent chromatin relaxation does not reduce macromolecular crowding at DNA damage sites. (**A**) Raw images to assess changes in volume exclusion at DNA damage sites for freely diffusible GFP. Cells co-express GFP and H2B-PATagRFP. The volume of the damaged area is determined by measuring the area of photoconverted chromatin area. The segmentation of this area is also used as a mask to measure GFP intensities inside (Red area in segment panel) and outside (Green area in segment panel) the irradiated area, whose ratio is used to determine changes in accessible volume for this probe. Raw GFP images are pseudocolored according to the look-up table displayed on the right of panel A. (**B**) Quantification of changes in size of irradiated area (Black) and changes in accessible volume for GFP (Red). (**C**) Quantification of changes in accessible volume for GFP and for the GFP-5 array in the absence and presence of PARP inhibitor (PARPi) 80 s post-microirradiation. (**D**) Normalized FCS correlation curves obtained for GFP at DNA damage sites before (black) and ∼1--2 min after (red) microirradiation. (**E**) Residence time measured by FCS for GFP and GFP-5 pre- and post-DNA-damage induction. (**F**) Intensity and donor-lifetime images of molecular crowding sensor before (pre) and ∼1--2 min after (post) DNA damage induction. Microirradiation area is highlighted with green arrowheads. Bleaching of H2B-iRFP670 shows the irradiated area. Donor-lifetime images are pseudocolored according to the look-up table displayed on the right of panel F. (**G**) Measurement of donor lifetime of crowding sensor in microirradiated area pre- and post-DNA damage induction. Scale bars = 4 μm.](gkz820fig4){#F4}

Decreasing crowding should also reduce diffusion hindrance. However, using FCS, we observed no change in the residence time of GFP or GFP-5 before and after DNA damage (Figure [4D](#F4){ref-type="fig"} and [E](#F4){ref-type="fig"}). The absence of an effect on diffusion hindrance could be explained by a poor sensitivity of the assay. To test this possibility, we induced chromatin over-compaction by bathing cells with hypertonic medium ([@B29]) and then triggered relaxation of the over-condensed chromatin by inflicting DNA damage by laser irradiation ([@B10]). We estimated that, after this unfolding process, the chromatin compaction state in the irradiated area was similar that in the isotonic medium ([Supplementary Figure S4A--C](#sup1){ref-type="supplementary-material"}). We assessed the diffusion speed of GFP by FCS in nuclei in isotonic medium, after hypertonic treatment and ∼60 s after laser irradiation. In agreement with enhanced crowding conditions ([@B29]), we observed an increase of the residence time of GFP upon hypertonic treatment ([Supplementary Figure S4D](#sup1){ref-type="supplementary-material"}). In contrast, relaxation of the hyper-compacted chromatin in response to DNA damage had no effect on GFP diffusion. This experiment indicates that the assay is sensitive enough to probe diffusion hindrance in the irradiated area and further supports the fact that chromatin relaxation does not facilitate diffusion in the vicinity of the DNA lesions.

Finally, to test the predicted consequence of crowding on protein conformation, we used a FRET crowding-sensor whose extension varies with the amount of macromolecular crowding ([@B15]). To confirm the functionality of this probe, we induced nuclear swelling by bathing cells with hypotonic medium, which reduces intranuclear crowding conditions and leads to chromatin relaxation ([Supplementary Figure S4E](#sup1){ref-type="supplementary-material"}). As expected, we observed an increase of the donor lifetime in hypotonic conditions compared to isotonic conditions, which reflects a decrease in FRET efficiency due to larger extension of the crowding-sensor ([Supplementary Figure S4F and G](#sup1){ref-type="supplementary-material"}). In contrast, when examined before and after DNA damage induction, no change in the donor lifetime was detected within the irradiated area suggesting that chromatin relaxation does not lead to reduced macromolecular crowding at sites of DNA damage (Figure [4F](#F4){ref-type="fig"} and [G](#F4){ref-type="fig"}). We also performed the experiment using precompacted chromatin as described above for diffusion hindrance measurements to assess the sensitivity of the crowding sensor. While we detected a decrease in the lifetime of the crowding-sensor upon hypertonic treatment, no change in lifetime was measured after relaxation of the hyper-compacted chromatin in response to laser irradiation ([Supplementary Figure S4H](#sup1){ref-type="supplementary-material"}). This tends to rule-out a false negative response of the crowding sensor when probing the crowding state at DNA lesions.

Overall, although we cannot formally exclude a false-negative response of our different crowding reporter assays, the quantitative analysis of crowding conditions at the DNA lesions supports the idea that the PAR-dependent recruitment of DNA-binding domains to sites of DNA damage cannot be attributed to increased accessibility of DNA due to reduced crowding conditions at the sites of DNA damage. Nevertheless, by analyzing crowding conditions, we only assessed the compaction state of the chromatin in terms of the impact of the fraction of occupied nuclear volume without considering consequences arising from changes affecting its spatial conformation. The way chromatin is organized in three dimensions is thought to affect the ability of diffusible DNA-binding proteins navigating through the nucleus to bind DNA ([@B46]). We therefore proceeded to assess how PAR-dependent changes in chromatin conformation impacts dynamic binding of DNA-binding domains to DNA at damage sites.

PAR-dependent chromatin remodeling increases the association rates of DNA-binding domains to sites of DNA damage {#SEC3-5}
----------------------------------------------------------------------------------------------------------------

To better understand the mechanisms underlying the recruitment to DNA lesions of the DNA-binding domains, their local dynamics was assessed by FCS before and after laser microirradiation (Figure [5A](#F5){ref-type="fig"}). The association between the DNA-binding domains and DNA was modeled by the following reaction:$$\documentclass[12pt]{minimal}
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![PAR-dependent chromatin remodeling leads to an increase in the association rates of DNA-binding domains at sites of DNA damage. (**A**) Representative image of a nucleus in which the FCS measurements are performed to assess the local dynamics of GFP-BZIP before (pre) and after (post) DNA-damage induction. Microirradiation area is highlighted with green arrowheads. FCS measurement points are shown in blue. Images are pseudocolored according to the look-up table displayed on the right. Scale bar = 4 μm. (**B**) $\documentclass[12pt]{minimal}
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with *Free* and *Bound* referring to the two states of the DNA-binding domain and *BS* to the binding sites along the DNA. FCS curves were fitted with an effective diffusion model to estimate the ratio $\documentclass[12pt]{minimal}
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}{}$\frac{{k_{{\rm on}}^{\prime}}}{{{k_{{\rm off}}}}}$\end{document}$ ratios demonstrate an increased binding at sites of DNA damage for the DNA-binding domains. However, this analysis cannot distinguish between an increase in the association rate *k′*~on~, indicative of facilitated binding, or a decrease in the dissociation rate *k*~off~, implying a longer lifetime of the bound state. Estimating the association and dissociation rates separately can only be achieved for probes displaying reaction-dominant kinetics ([@B32]). In such regime, the FCS curves cannot be properly fitted with the one-component effective diffusion model (Equation ([1](#M1){ref-type="disp-formula"})) but require the use of a two-components reaction-dominant model (Equation ([4](#M4){ref-type="disp-formula"})). Among the three DNA-binding domains displaying PAR-dependent recruitment to DNA lesions, BZIP was the only one showing significant deviation from the effective diffusion model (Figure [5D](#F5){ref-type="fig"} and [Supplementary Figure S5D--F](#sup1){ref-type="supplementary-material"}). Using a reaction-dominant model for BZIP yielded improved fits of the FCS curves and allowed the estimation of the pseudo first-order association rate *k′*~on~ and the dissociation rate *k*~off~ of the binding reaction before and after damage. The *k′*~on~ rates post-irradiation were calculated according to Equation ([5](#M5){ref-type="disp-formula"}) to assess changes in association rates that are not due to variations in chromatin concentration. In the undamaged situation we recovered values for *k′*~on~ and *k*~off~, which are in the same range as those previously reported for BZIP ([@B32]). Upon irradiation, we found that *k′*~on~ was enhanced by ∼5-fold (Figure [5E](#F5){ref-type="fig"}) while *k*~off~ underwent a less prominent increase (Figure [5F](#F5){ref-type="fig"}). This result implies that the accumulation of BZIP at DNA-damage sites is due to facilitated binding to DNA in this area rather than a longer lifetime of the bound state (which should have led to a decreased *k*~off~). Furthermore, PARPi treatment led to a significant reduction of *k′*~on~ post-damage while not affecting *k*~off~ (Figure [5E](#F5){ref-type="fig"} and [F](#F5){ref-type="fig"}), indicating that PAR-dependent chromatin remodeling specifically facilitates binding to DNA at sites of damage.

Finally, to compare the behavior of the DNA-binding domains with the one of a motif recruited to DNA lesions via direct PAR binding, we probed the dynamics of the macrodomain of macroH2A1.1 at the sites of damage by FCS. While, prior to damage, the macrodomain was following an effective diffusion kinetic, a reaction-dominant model had to be used to fit the FCS curves acquired after laser irradiation ([Supplementary Figure S5G](#sup1){ref-type="supplementary-material"}). This switch from an effective diffusion to a reaction-dominant dynamic implies a massive reduction of the dissociation rate *k*~off~ upon DNA damage ([@B32]), in agreement with a strong binding to PAR chains. This behavior is in sharp contrast with the results obtained for BZIP for which we observed a slight increase of the dissociation rate after laser irradiation (Figure [5F](#F5){ref-type="fig"}).

Increased accessibility to DNase I at sites of DNA damage is promoted by PAR-signaling {#SEC3-6}
--------------------------------------------------------------------------------------

The sensitivity of chromatin to nuclease digestion, such as DNase I that non specifically cleaves DNA, is broadly used in genomics to evaluate DNA accessibility ([@B47],[@B48]). Previous studies have demonstrated the nuclease sensitive rearrangement of chromatin after UV irradiation in \[^3^H\]thymidine labeled human cells indicating that chromatin remodeling mechanisms can tune DNA accessibility during DNA damage repair ([@B49]). While it has also been shown that PARP-dependent relaxation of *in vitro* reconstituted chromatin leads to increased micrococcal nuclease sensitivity ([@B50]), it is unknown whether this also holds true in living cells subjected to DNA damage.

To test this possibility, we assessed DNAse sensitivity at DNA lesions inflicted using micropore UV irradiation ([@B33]). With this irradiation method we could detect robust activation of PAR signaling as well as γH2AX signaling, although with slower kinetics ([Supplementary Figure S6A](#sup1){ref-type="supplementary-material"}). The irradiated cells were treated with DNAse and free DNA ends were labeled by the Terminal Deoxynucleotidyl Transferase-based incorporation of IdU (Figure [6A](#F6){ref-type="fig"}). While no IdU incorporation was detected in the absence of DNase treatment ([Supplementary Figure S6B and C](#sup1){ref-type="supplementary-material"}), we observed a strong local IdU signal at sites of DNA damage in the presence of DNase I, demonstrating an increased DNase sensitivity of the chromatin at the irradiated areas as compared to the undamaged DNA (Figure [6B](#F6){ref-type="fig"} and [C](#F6){ref-type="fig"}). Furthermore, inhibiting PARylation strongly reduced the incorporation of IdU at the sites of DNA damage suggesting that PAR-signaling, likely via its role in chromatin remodeling, is responsible for the increased DNase sensitivity displayed by the damaged chromatin (Figure [6B](#F6){ref-type="fig"} and [C](#F6){ref-type="fig"}). Combined with the results described in the previous sections, these findings indicate that the same PAR-dependent chromatin remodeling mechanisms underlie the recruitment of DNA-binding motifs at the sites of DNA damage observed by live-cell imaging and the increased DNase hypersensitivity used for mapping 'open' damaged chromatin regions in genomics.

![The accessibility of DNase I at sites of micropore irradiation is regulated by PAR-signaling. (**A**) Schematic representation of micropore irradiation assay. Cells are labeled with BrdU to photosensitize the DNA. After micropore irradiation (100 J/m^2^ of UVC light) and fixation, chromatin is digested by DNase I. The generated free DNA-ends are labeled with IdU by Terminal Deoxynucleotidyl Transferase (TdT) and visualized by immunofluorescence. (**B**) Representative images of the IdU-signal 30 minutes post-micropore-irradiation to analyze the chromatin accessibility to DNase I in the presence or absence of PARP inhibitor (Olaparib). The microirradiation sites are visualized with anti-γH2AX and anti-rabbit Alexa Fluor 555 antibodies. The free DNA-ends are visualized by anti-IdU and anti-mouse Alexa Fluor 488 antibodies. Scale bar = 10 μm. (**C**) Quantification of the IdU-signal intensity in the presence or absence of PARP inhibitor (PARPi). The irradiated areas are segmented by γH2AX signal in Hoechst positive nuclei and the average signal intensities of the background-subtracted IdU channel are measured. These average signal intensities are divided by the signal intensities of the corresponding nuclei and plotted.](gkz820fig6){#F6}

The PAR-dependent recruitment of CHD4 and HP1α to DNA lesions relies on their ability to bind DNA {#SEC3-7}
-------------------------------------------------------------------------------------------------

Our findings indicate that early PAR-dependent chromatin remodeling promotes the recruitment of DNA-binding proteins to sites of damage due to facilitated association with DNA. To assess the relevance of this recruitment mechanism for DNA repair, we tested whether the accumulation of CHD4 and HP1, two proteins contributing to DNA repair potentially via their known functions in the regulation of the chromatin architecture ([@B13],[@B40]), could be due to binding to DNA at unfolded damaged chromatin.

The chromatin remodeler CHD4 has been shown to be important for the repair of DNA double-strand break (DSB) by homologous recombination (HR) ([@B51]) and we recently reported that its PAR-dependent recruitment to DNA lesions is not triggered by direct PAR-binding but rather promoted by chromatin relaxation ([@B13]). Different domains of CHD4 were shown to bind DNA *in vitro*, the two chromo-domains (CD1 and CD2) ([@B52]) as well as an HMG box-like domain localized at the N-terminus ([@B23]). We analyzed the behavior of point mutations localized in each of these domains and which were suspected to affect the ability of CHD4 to bind DNA ([@B23],[@B28]). While mutation in the HMG box-like (4A) domain did not affect CHD4 dynamics assessed by FCS, mutations W508E and W644E, localized respectively in CD1 and CD2, displayed a strong reduction of the residence time, suggesting reduced affinity for DNA in living cells (Figure [7A](#F7){ref-type="fig"} and [B](#F7){ref-type="fig"}). Concomitantly, monitoring the accumulation of these mutants to sites of damage showed that the mutations W508E and W644E, but not the 4A, impaired recruitment, correlating with the reduced affinity of these mutants for DNA (Figure [7C](#F7){ref-type="fig"} and [D](#F7){ref-type="fig"}).

![Recruitment of CHD4 and HP1α to sites of DNA damage is driven by DNA binding. (**A**) Schematic representation of the domains of CHD4. Mutations in the HMG-box-like domain (4A) and in the chromodomains (W508E and W644E) are indicated. (**B**) Residence times measured by FCS in the absence of DNA damage for wild-type and mutant GFP-CHD4. (**C**) Confocal images showing recruitment of WT and mutant GFP-CHD4 to sites of damage 80 s post-microirradiation. Microirradiation sites are indicated by red arrowheads. (**D**) Recruitment intensity of wild-type and mutant GFP-CHD4 80 s post-DNA-damage induction. (**E**) Schematic representation of the domains of HP1α. (**F**) Confocal images of GFP-HP1α pre- and 60 s post-DNA damage induction in the presence and absence of PARP inhibitor (PARPi). (**G**) Recruitment kinetics of HP1α at sites of DNA damage in the presence (red) and absence (black) of PARPi. (**H**) Residence times measured by FCS in the absence of DNA damage for GFP tagged wild-type HP1α and a mutant lacking the hinge domain (ΔHinge). (I, J) Confocal images (**I**) and recruitment intensity (**J**) showing recruitment of wild-type HP1α-GFP and the Δhinge mutant 80 s post-damage induction. Microirradiation sites are indicated with red arrowheads. Scale bars = 4 μm.](gkz820fig7){#F7}

The chromatin scaffolding protein HP1 has roles in DNA repair ([@B40]) in addition to its central function in transcription repression. Indeed, the three isoforms (HP1α, HP1β and HP1γ) were shown to be recruited to DNA lesions ([@B40]) and depletion of any of them dramatically impairs efficiency of DSB repair by HR ([@B53]). Here, we focused on HP1α (Figure [7E](#F7){ref-type="fig"}) and observed that its recruitment to DNA lesions was strongly impaired upon PARP inhibition (Figure [7F](#F7){ref-type="fig"},G). The fact that we could not detect direct interactions between HP1α and PARylated PARP1 using the PAR-3H assay described previously ([Supplementary Figure S7](#sup1){ref-type="supplementary-material"}), prompted us to test the involvement of DNA binding in the recruitment of HP1α to DNA lesions. It was previously reported that HP1α binds to DNA via its hinge domain ([@B54]) and in agreement with these findings, we measured by FCS a strong reduction of the residence time for a mutated version of HP1α lacking the hinge domain (Δhinge) compared to wild-type HP1α (WT) (Figure [7H](#F7){ref-type="fig"}). Furthermore, deleting the hinge domain was sufficient to significantly reduce accumulation to sites of damage (Figure [7I](#F7){ref-type="fig"} and [J](#F7){ref-type="fig"}). These results suggest that, similar to CHD4, the PAR-dependent recruitment of HP1α relies on the ability of this protein to bind DNA.

DISCUSSION {#SEC4}
==========

The removal of PARP1, ALC1 or CHD2, all of which are key players of the PAR-dependent chromatin remodeling mechanisms characterizing the early stages of the DDR, leads to cell hypersensitivity to DNA damage ([@B6],[@B10],[@B55]). This suggests that the open chromatin organization established by these different actors at sites of DNA damage is essential for repair efficiency, yet its exact function remains unclear. In this current study, we report that different protein domains with affinity for DNA are recruited to sites of damage in a PAR-dependent manner and we propose that this recruitment relies on chromatin unfolding rather than direct binding to PAR chains. A more systematic analysis of the behavior of a larger spectrum of DNA as well as histone-binding domains at sites of damage would be necessary to further establish the generic nature of our findings. Nevertheless, the fact that such recruitment is observed for DNA-binding but not for histone-binding domains and that macromolecular crowding conditions remain mainly unchanged at the irradiated site, suggest that the early PAR-dependent chromatin remodeling events do not simply unfold the chromatin structure to facilitate access to damaged chromatin for any kind of nuclear protein. Rather, they promote the establishment of a particular chromatin conformation in which DNA becomes more exposed while leaving the accessibility of histones unaffected (Figure [8](#F8){ref-type="fig"}). This specific chromatin conformation is likely to contribute to DNA repair efficiency not only by facilitating access to DNA lesions but also by influencing the choice of the repair pathway, as was shown for the PAR-dependent remodeler CHD2 that specifically affects double-strand break repair through non-homologous end-joining ([@B6]).

![Model of the impact of PAR-dependent chromatin remodeling at DNA-damage sites. In undamaged chromatin, DNA-binding and histone-binding domains interact dynamically with chromatin at equilibrated rates. Upon DNA damage, PARP1 is activated and induces chromatin remodeling. The newly established chromatin architecture is characterized by facilitated association with DNA, as evidenced by increased binding rates of DNA-binding protein, while interaction dynamics with histones remains unchanged.](gkz820fig8){#F8}

Our results show a PAR-dependent increase of the pseudo first-order association rate *k′*~on~ of the DNA-binding domain BZIP at sites of DNA damage, in support of the increased DNA accessibility characterizing the chromatin architecture established by PAR-dependent remodeling mechanisms at DNA lesions. In future work, it would be important to confirm these findings obtained for BZIP by analyzing the behavior of other DNA-binding domains displaying interaction dynamics allowing for the estimation of the *k′*~on~ rates specifically. Nevertheless, our results still provide insight regarding the mechanisms by which PAR-dependent chromatin remodeling could promote recruitment to DNA lesions. Since the *k′*~on~ measured for BZIP is the product of the binding rate, *k*~on~, and the concentration of binding sites, \[*BS*\], the increase in *k′*~on~ could be attributed to a modulation of either of the two parameters. On the one hand, it has been reported that chromatin remodeling mechanisms that occur at DNA lesions is associated with the release of core histones ([@B56]), a process that would enhance the amount of free DNA at sites of DNA damage leading to an increase in \[*BS*\]. However, when we monitored core histone turnover within the 2 min time frame in which we observed recruitment of the DNA-binding domains, we found no significant release of either H3 or H2B from DNA damage sites compared to undamaged conditions ([Supplementary Figure S8](#sup1){ref-type="supplementary-material"}). In contrast to the absence of release of core histone within the studied time frame, it has been shown that the histone linker H1 is quickly displaced from the chromatin upon damage ([@B57]). Such eviction of H1 as well as partial unwrapping of nucleosomes or changes in the fiber conformation triggered by PARylation, might be sufficient to increase \[*BS*\] due to the uncovering of DNA stretches that were inaccessible in the undamaged chromatin. The PAR-dependent increase in DNase I accessibility observed at DNA lesions is in line with this hypothesis, since DNase I cleavage activity is inhibited by the nucleosomes ([@B48]). On the other hand, early chromatin remodeling may also increase the association rate, *k*~on~. Indeed, *k*~on~ is not only a function of the 'chemical' affinity of the DNA-binding protein for the DNA, which is probably not affected by chromatin remodeling, but also depends on how fast this protein finds a binding site on the DNA ([@B44]). It has been proposed by several groups that the search process in the nucleus is influenced by chromatin conformation ([@B58]), switching from local and systematic exploration in compact heterochromatin to more long-range sparse exploration in the less-compact euchromatin ([@B19]). In the context of DNA repair, the PAR-dependent increase in DNA exposure due to the uncovering of previously hidden DNA stretches or the reduction of the target-search time could thus ensure the timely detection of the DNA lesions by later actors of the repair machinery ([@B61]). Noteworthy, such PAR-dependent facilitated binding to DNA observed in the context of the DDR might also hold true during transcription regulation. Such a mechanism may contribute, for example, to the recruitment of CHD4 at heat-shock genes undergoing PAR-dependent puffing in Drosophila ([@B62]). It may also explain why mutating CHD4 at residues W508E and W644E, which reduces its affinity for DNA (Figure [7B](#F7){ref-type="fig"}), impairs the ability of this remodeler to inhibit transcription ([@B28]). This recruitment mechanism may also be at play in the context of the PAR-dependent binding of the heat-shock transcription factor 1 to DNA ([@B63]).

We also found that, while weak DNA-binding domains require PAR-dependent chromatin remodeling to recruit efficiently to sites of DNA damage, domains displaying a stronger affinity for DNA were recruited independently of PARylation (Figures [1](#F1){ref-type="fig"} and [2](#F2){ref-type="fig"}). This result suggests that, for these strong DNA-binding domains, chromatin remodeling processes controlled by signaling pathways other than PARylation, such as the mobilization of linker histone H1 ([@B10]) or core histone acetylation ([@B64],[@B65]), might be sufficient to promote recruitment at DNA lesions. Moreover, the recruitment of high affinity DNA-binding domains at DNA lesions observed even after PARP inhibition may provide a mechanism for PARP-independent repair, such as certain base-excision repair pathways ([@B66]) or double-strand break repair via Ku-dependent non-homologous end joining ([@B67]).

A recent screen monitoring the accumulation of 70 different proteins to sites of DNA damage demonstrated that PAR-signaling regulates the recruitment kinetics of a majority of these proteins ([@B68]). Our findings, together with previous work ([@B11],[@B13]), indicate that such PAR-dependent recruitment may not solely rely on direct PAR-binding but likely also involves enhanced binding to DNA at damaged chromatin remodeled by PAR-dependent mechanisms. Our present results, together with our previous work ([@B13]), indicate that this PAR-dependent recruitment mechanism can account for the accumulation of CHD4, and also probably CHD3, at the sites of damage. Future work will be necessary to establish whether this recruitment mode also holds true for other DNA-binding repair proteins or for regulatory factors modulating the activity of these repair proteins such as the recently identified regulation of the Ataxia-telangiectasia mutated (ATM) kinase by homeobox transcription factors ([@B69]). Furthermore, the recruitment via enhanced DNA binding of proteins displaying functions in transcription modulation may contribute to the early repression of transcription at the sites of DNA damage ([@B70]). In line with this hypothesis, we show that the PAR-dependent recruitment of HP1α, a chromatin-scaffolding protein involved in transcription silencing, relies on its ability to bind DNA. Conversely, this recruitment mechanism may also explain the PAR-dependent accumulation of transcription factors to DNA lesions ((11) and this study), a potential early step of transcription-coupled repair mechanisms ([@B71]). Nevertheless, the potentially generic nature of the PAR-dependent recruitment via enhanced DNA association may also drive the accumulation at DNA lesions of DNA-binding proteins with no functional role in DNA repair. Therefore, after an initial generic protein accumulation phase, one might expect 'filtering' by specific retention mechanisms to keep only factors with roles in DDR at the damage sites. It was shown that PAR chains can drive liquid demixing at DNA lesions, allowing the filtering of proteins based on electrostatic interactions and their degree of structural disorder ([@B72]). In addition to phase separation, this filtering step might also involve later chromatin reorganization events, including further relaxation and recondensation ([@B13],[@B73]) as well as post-translational modifications ([@B74]). This hypothesis then suggests that in the future it will be important to address which proteins are retained in the damaged area and what the underlying 'filtering' mechanisms are.

Supplementary Material
======================

###### 

Click here for additional data file.

We thank Microscopy Rennes Imaging Center (BIOSIT, Université Rennes 1) for technical assistance. This work would not have been possible without the generous donation of plasmids from a number of people. We would like to specifically thank Jeffrey Macklis for the Sox5 plasmid, Arnold Boersma for the crowding FRET sensor, Kenneth Kaye for the GFP-LANA-1-32 plasmid, Michael Bustin for the YFP-HMGN2-NBD (HMGN2-ΔC43) plasmid, Jun Aruga for the ZIC3 plasmids, Dong-Er Zhang for the C/EBPa plasmid, Richard Day for the GFP-tagged full length C/EBPa plasmid, Sophie Polo for GFP-CHD4, James Hagman for pBluescript-CHD4 domain mutants, Ana Silva for GFP-CHD4 (4A), Vladislav Verkhusha for iRFP670-N1, Jan Ellenberg for paGFP-H2B and Johnathan Chubb for pH3-paGFP. We also thank Ivan Ahel for his gift of purified PARP1, James McNally and Davide Mazza for sharing MatLab codes used for fitting the FCS correlation curves and Malte Wachsmuth for his advice when using the Fluctuation Analyzer 4G software.

*Author contributions*: R.S., T.L., S.J., O.D., S.D., P.B. and S.H. completed the experiments within the manuscript. C.C. and C.B. generated cell lines and DNA constructs. G.T. and S.H. conceived and supervised this study. R.S., S.H. and G.T. wrote the manuscript. All authors read and commented on the manuscript.

SUPPLEMENTARY DATA {#SEC5}
==================

[Supplementary Data](https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkz820#supplementary-data) are available at NAR Online.

FUNDING {#SEC6}
=======

People Programme (Marie Curie Actions) of the European Union\'s Seventh Framework Programme (FP7/ 2007--2013) under REA grant agreement \[PCOFUND-GA-2013-609102\]; PRESTIGE program coordinated by Campus France \[PRESTIGE-2017-2-0042\]; Université Bretagne-Loire; Fondation ARC pour la recherche sur le cancer \[PDF20181208405 to R.S.\]; Hungarian Academy of Sciences \[LP2017-11/2017 to G.T.\]; Ligue contre le Cancer du Grand-Ouest (committees 35, 22 and 72); Fondation ARC pour la recherche sur le cancer \[20161204883\]; Agence Nationale de la Recherche \[PRC-2018 REPAIRCHROM\]; Institut Universitaire de France (to S.H.); Max Planck Research Group Leader Program, Max Planck Society (to C.B.); National Research Development and Innovation Office \[NKFIH K-119361 to P.B.\]; the collaboration between S.H. and G.T. benefited from funding from the CNRS via the PICS program. Funding for open access charge: Agence Nationale de la Recherche.

*Conflict of interest statement*. None declared.

[^1]: The authors wish it to be known that, in their opinion, the first two authors should be regarded as Joint First Authors.
